1. Introduction {#sec1-molecules-23-00605}
===============

Chronic inflammation has been linked to heart disease, obesity, diabetes and cancer \[[@B1-molecules-23-00605],[@B2-molecules-23-00605]\]. Under chronic inflammatory conditions, exuberant NO production by activated macrophages is believed to be an important tissue-damage mediator as NO can be further converted into several highly reactive species, such as nitrous anhydride, nitrogen dioxide, nitryl chloride and peroxynitrite \[[@B3-molecules-23-00605]\].

Peroxynitrite is a relatively stable reactive species with a half-life of \~one second at physiological pH and can penetrate the nucleus and induce damage in DNA \[[@B4-molecules-23-00605],[@B5-molecules-23-00605]\]. 8-Nitroguanine (8-nitroG) is the first identified peroxynitrite-mediated nitration product. The formation of 8-nitroG is generally rationalized in terms of addition of low reactive •NO~2~ to the highly oxidizing guanine radical that results from the deprotonation of guanine radical cation initially generated by one-electron oxidation of guanine \[[@B6-molecules-23-00605]\]. 8-NitroG formed in DNA is chemically unstable and can spontaneously depurinate, yielding apurinic sites with the resultant possibility of GC-to-TA mutation \[[@B7-molecules-23-00605]\]. Alternatively, adenine can be preferentially incorporated opposite 8-nitroG during DNA syntheses, resulting in GC-to-TA transversion \[[@B8-molecules-23-00605]\]. Several research groups have focused on the role of 8-nitroG in infection- and inflammation-related carcinogenesis and examined the formation of this lesion in laboratory animals and clinical samples \[[@B9-molecules-23-00605],[@B10-molecules-23-00605]\]. Their studies have shown that the 8-nitroG formation occurred to a much greater extent in cancerous tissue than in the adjacent non-cancerous tissue and that its formation increased with inflammatory grade \[[@B11-molecules-23-00605],[@B12-molecules-23-00605],[@B13-molecules-23-00605]\], suggesting that 8-nitroG could be a potential biomarker of inflammation-related carcinogenesis \[[@B12-molecules-23-00605]\].

In the past decade, cellular 8-nitroG levels have been largely semi-quantitatively measured by immunohistochemistry \[[@B14-molecules-23-00605],[@B15-molecules-23-00605],[@B16-molecules-23-00605]\] or quantitatively measured by HPLC with electrochemical detection (ECD) \[[@B17-molecules-23-00605],[@B18-molecules-23-00605]\]. For quantitative measurement, the reported HPLC-ECD methods had comparatively high detection limits of 20--1000 fmol/injection \[[@B19-molecules-23-00605],[@B20-molecules-23-00605]\] and required the reduction of 8-nitroG by a reducing agent (i.e., the reduction of 8-nitroG to 8-aminoguanine) by sodium hydrosulfite \[[@B21-molecules-23-00605]\], which results in low reproducibility owing to the varied reaction efficiencies.

LC-MS/MS has received a great deal of attention in recent years because it can provide a sensitive and selective means for comprehensive measurement of multiple DNA lesions. In our previous work \[[@B22-molecules-23-00605]\], we demonstrated that 8-nitroG is unstable and readily depurinates with a short half-life (e.g., 2.4 h in double-stranded DNA and 1.6 h in single-stranded DNA at 37 °C). We therefore proposed an LC-MS/MS method for the direct measurement of 8-nitroG in DNA and provided a strategy to overcome the chemical instability of 8-nitroG for the quantitative analysis of cellular 8-nitroG. However, this method was hampered by insufficient sensitivity, and the 8-nitroG was not retained well on the reversed-phase columns, decreasing the separation efficiency.

In this study, we describe a chemical derivatization coupled with online solid-phase extraction (SPE) LC-MS/MS analysis for the sensitive determination of 8-nitroG in DNA. To investigate its effectiveness and reliability, the present method was further compared to direct LC-MS/MS measurement without chemical derivatization \[[@B22-molecules-23-00605]\].

2. Results {#sec2-molecules-23-00605}
==========

2.1. LC-MS/MS Characteristics of 8-NitroG-MTNG {#sec2dot1-molecules-23-00605}
----------------------------------------------

[Figure 1](#molecules-23-00605-f001){ref-type="fig"} shows an example chromatogram of 8-nitroG-MTNG and its isotope internal standard \[^13^C~2~,^15^N\]-8-nitroG-MTNG of a calf thymus DNA hydrolysate that had been treated with 10 μM ONOO^−^. The retention times of 8-nitroG-MTNG and \[^13^C~2~,^15^N\]-8-nitroG-MTNG are concordant. Low background noise from the biological matrix showed the good selectivity of the method. The negative ESI mass spectrum of 8-nitroG-MTNG contained a \[M − H\]^−^ precursor ion at *m*/*z* 391 and product ions at *m*/*z* 363 (quantifier ion, [Figure 1](#molecules-23-00605-f001){ref-type="fig"}A) and *m*/*z* 348 (qualifier ion, [Figure 1](#molecules-23-00605-f001){ref-type="fig"}B) due to loss of CO or C~2~H~3~O; a precursor ion at *m*/*z* 394 and product ions at *m*/*z* 366 (quantifier ion, [Figure 1](#molecules-23-00605-f001){ref-type="fig"}C) and *m*/*z* 351 (qualifier ion, [Figure 1](#molecules-23-00605-f001){ref-type="fig"}D) characterized the \[^13^C~2~,^15^N\]-8-nitroG-MTNG.

2.2. Optimization of Derivatization Reaction with MTNG {#sec2dot2-molecules-23-00605}
------------------------------------------------------

We investigated the yields for the formation of the conjugate at different molar ratios of MTNG to 8-nitroG (from 232:1 to 14,960:1). As shown in [Figure 2](#molecules-23-00605-f002){ref-type="fig"}, the amounts of 8-nitroG formed increased in a dose-dependent manner with increasing MTNG concentration (0.58--9.35 mM). The derivatization was efficient when the ratio reached 3740:1, where MTNG was added at 9.35 mM. However, we used an even higher MTNG concentration (14.0 mM) for derivatization in this study to ensure a complete derivatization reaction in light of the high variability of biological matrices. This suggested that 5.6 μmole MTNG/μg DNA is needed.

2.3. Method Validation {#sec2dot3-molecules-23-00605}
----------------------

The limit of quantification (LOQ) was defined as the lowest 8-nitroG-MTNG sample concentration meeting prespecified requirements for precision and accuracy within 20%. Using the present method, the LOQ was determined in DNA hydrolysates to be 0.05 nM. The limit of detection (LOD), defined as the lowest concentration that gave a signal-to-noise ratio of at least 3 in DNA hydrolysates, was found to be 0.015 nM (0.3 fmol, see [Supplementary Materials, Figure S1](#app1-molecules-23-00605){ref-type="app"}), which corresponds to 0.15 μmol 8-nitroG/mol of guanine when using 50 μg of DNA per analysis.

The calibration curve consisted of seven calibration points from 0.16 to 10.3 pmol, and each calibrator contained 0.25 pmol \[^13^C~2~,^15^N\]-8-nitroG. The resulting peak area ratios (analyte to internal standard) were plotted against the corresponding pmol ([Supplementary Material, Figure S2](#app1-molecules-23-00605){ref-type="app"}). Linear regression calculations were unweighted and non-zero-forced, and the regression equation was calculated as y = 3.9531x + 0.061. The observed correlation coefficients (R^2^) during validation were consistently greater than 0.999. All of the calibrators fell within 5% deviation of back-calculated concentrations from nominal spiked concentrations, with an imprecision (CV) \< 10%. Meanwhile, the peak identity of 8-nitroG-MTNG in DNA hydrolysates was confirmed by comparing the peak area ratios (quantifier ion/qualifier ion) with those of the calibrators. As an acceptance criterion, ratios in DNA samples should not deviate by more than ±25% from the mean ratios in the calibrators.

The intraday and interday imprecisions was determined from the analysis of three independent DNA samples, which were respectively treated with 50, 100 and 200 μM peroxynitrite. Intraday imprecision was estimated within one batch by analyzing six replicates, whereas interday imprecision was estimated on six separate occasions occurring over a period of 10 days. As shown in [Table 1](#molecules-23-00605-t001){ref-type="table"}, intraday imprecision was determined to be 1.0--2.7%, and interday imprecision was 2.0--2.5%.

Recovery was evaluated by adding unlabeled standard mixture at five different levels to three peroxynitrite-treated DNA samples and measuring three replicates of these samples. As shown in ([Supplementary Material, Figure S3](#app1-molecules-23-00605){ref-type="app"}), the mean recoveries were 96--104%, 99--105% and 96--104%, respectively, for those three DNA samples as estimated from the increase in the measured amount after addition of the analyte divided by the amount added, while the recoveries as calculated from the slope of the regression were 103%, 98% and 103% (R^2^ \> 0.99), respectively.

Matrix effects were calculated according to the following equation:$${Matrix}\ {effects} = 1 - \left( \frac{{Peak}\ {area}\ {of}\ {internal}\ {standard}\ {in}\ {the}\ {presence}\ {of}\ {matrix}}{{Peak}\ {area}\ {of}\ {internal}\ {standard}\ {in}\ {the}\ {absence}\ {of}\ {matrix}} \right) \times 100\%$$

The peak area in the presence of matrix refers to the peak area of the internal standard in DNA samples, while the peak area in the absence of matrix refers to the peak area of the internal standard prepared in deionized water. The relative change in the peak area of the internal standard was attributed to matrix effects, which reflect the combination of reduced derivatization efficiency, online extraction loss and ion suppression due to the DNA matrix. In this study, the matrix effects for 8-nitroG-MTNG were less than 20% in all DNA samples. Although the use of stable isotope-labeled internal standards could have compensated for different matrix effects, the low matrix effect achieved in this study ensures the high sensitivity of the method.

2.4. 8-NitroG in Calf Thymus DNA Treated with Peroxynitrite {#sec2dot4-molecules-23-00605}
-----------------------------------------------------------

The present method was applied to quantify the levels of 8-nitroG in calf thymus DNA, which was incubated with various concentrations (2.5--200 μM) of peroxynitrite. 8-NitroG was not detected in control DNA. In the peroxynitrite-treated samples, the levels of 8-nitroG increased in a dose-dependent manner with peroxynitrite concentration ([Supplementary Material, Figure S4](#app1-molecules-23-00605){ref-type="app"}). 8-NitroG was formed at a level of 211 μmol/mol of guanine even with a peroxynitrite concentration as low as 2.5 μM. The formation of 8-nitroG reached a maximum level of 5823 μmol/mol of guanine when treated with 200 μM peroxynitrite.

2.5. Comparison between 8-NitroG Analysis Using Online SPE LC-MS/MS Method with and without MTNG Derivatization {#sec2dot5-molecules-23-00605}
---------------------------------------------------------------------------------------------------------------

8-NitroG concentrations determined using the proposed online SPE LC-MS/MS following MTNG derivatization were compared to concentrations derived from the same samples using a direct online LC-MS/MS method without derivatization. As shown in [Figure 3](#molecules-23-00605-f003){ref-type="fig"}, regression analysis showed that the two methods were highly correlated (Pearson R² = 0.9893, *p* \< 0.001, *n* = 39). The 8-nitroG levels derived from the present method were close to those obtained from the reported direct measurement by online SPE LC-MS/MS without derivatization, giving a slope of 1.01.

3. Discussion {#sec3-molecules-23-00605}
=============

Despite numerous attempts, unambiguous evidence for the formation of 8-nitroG in cellular DNA or animal organs has not yet been provided. Apparently, the presence of 8-nitroG was detected by immunohistochemical methods in inflamed tissues \[[@B13-molecules-23-00605]\]. However, the specificity of monoclonal/polyclonal antibodies against single oxidized base (such as 8-oxo-7,8-dihydroguanine) has been questioned due to the occurrence of cross-reactivity with overwhelming guanine bases \[[@B23-molecules-23-00605]\]. The data provided by the several HPLC-ECD methods \[[@B19-molecules-23-00605],[@B20-molecules-23-00605],[@B21-molecules-23-00605]\] that were aimed at measuring 8-nitroG, mostly as amino derivatives (8-aminoguaine), might not also be convincing. Therefore, there is a strong need of more accurate methods such as LC-MS/MS that appears to be the gold standard analytical tool for detecting DNA base lesions.

Our method coupling LC-MS/MS with derivatization and stable isotope-dilution facilitates the accurate and sensitive detection of cellular 8-nitroG. We further performed derivatization optimization, which is essential for an accurate measurement. The results revealed that an excess of MTNG is required (MTNG:8-nitroG molar ratio 3740:1, [Figure 2](#molecules-23-00605-f002){ref-type="fig"}) to completely derivatize 8-nitroG in DNA hydrolysates. This may be attributable to the fact that MTNG reacts not only with 8-nitroG but also with other guanine compounds present in biological samples \[[@B24-molecules-23-00605]\].

Our method to estimate the cellular levels of 8-nitroG has some notable benefits compared with previously reported methods. The primary feature of our method is its high sensitivity (LOD: 0.015 nM), which may allow for the detection of extremely low levels of 8-nitroG in cellular DNA or urine. As shown in [Supplementary Material, Figure S5](#app1-molecules-23-00605){ref-type="app"}, the sensitivity of the present method increased greatly with the derivatization, by approximately 10 times, compared to the method without derivatization (direct measurement \[[@B22-molecules-23-00605]\]). Previously, Villaño et al. \[[@B25-molecules-23-00605]\] and Wu et al. \[[@B26-molecules-23-00605]\] developed HPLC-MS/MS methods for direct determination of 8-nitroG in plasma and urine, respectively, and reported LODs of 0.15--0.4 nM. One previous study by Ishii et al. \[[@B27-molecules-23-00605]\] also attempted to measure 8-nitroG using LC-MS following MTNG derivatization. However, their method was not validated with a LOD (\~1 nM) approximately 70 times higher than our method and a low specificity due to only the precursor ion was monitored. Meanwhile, it is also noted that that the MTNG amount used in the work of Ishii et al. \[[@B27-molecules-23-00605]\] was significantly insufficient (0.09 μmole/μg DNA) for a complete derivatization reaction as compared to our finding (5.6 μmole MTNG/μg DNA). Furthermore, when comparing the LODs of previously reported chromatographic methods (except for LC-MS methods) for 8-nitroG, LODs of 2--100 nM were reported \[[@B17-molecules-23-00605],[@B20-molecules-23-00605],[@B28-molecules-23-00605]\], and those are 100--6000 times higher than our LOD of 0.015 nM. Meanwhile, we have attempted to measure the background level of 8-nitroG in cellular DNA using the proposed method. The cells (human endothelial hybrid cells and Chinese hamster ovary cells) were lysed, subjected to acid hydrolysis \[[@B22-molecules-23-00605]\], and derivatization with MTNG as described above. The 8-nitroG in cellular DNA was found to be non-detectable (see [Supplementary Material Figure S6](#app1-molecules-23-00605){ref-type="app"}). It was estimated that background level of 8-nitroG in cellular DNA was less than 0.15 μmol/mol of guanine when using 50 μg of DNA per analysis.

The second important feature of our method is the use of the isotope-dilution method for the 8-nitroG measurement, which permits high precision and accuracy. We added the stable isotope-labeled standard to the nucleoside mixtures; thus, the analytes and the corresponding internal standard were derivatized simultaneously with MTNG. Any variation/alteration in experimental conditions (e.g., derivatization efficiency, matrix effect and MS/MS performance variation) will thus be compensated for, and the accuracy of measurement will be ensured. Additionally, the co-elution of the analyte and its isotope-labeled standard along with the similar fragmentation pattern of the analyte and internal standard offers unequivocal chemical specificity for analyte identification \[[@B29-molecules-23-00605]\]. A high accuracy measurement can also be supported by the observation of the high consistency (with a slope of 1.01, [Figure 3](#molecules-23-00605-f003){ref-type="fig"}) of the measured results with and without derivatization. The same strategy was also reported previously by Ishii et al. \[[@B27-molecules-23-00605]\], who employed the stable isotope-labeled internal standard (\[^13^C~2~,^15^N\]-8-nitroG) in the LC-MS method for 8-nitroG measurement.

The third advantage of the proposed method is the use of online SPE, which avoids ion-source contamination and significant matrix effects, resulting from the presence of a large amount of MTNG. To achieve complete derivatization, an excess of MTNG is required. However, part of this large excess could have remained unreacted and later injected into the LC-MS/MS system. As shown in [Figure 4](#molecules-23-00605-f004){ref-type="fig"}, the above problem was effectively avoided by the use of online SPE; since all unreacted MTNG was washed away during online SPE prior to analytical column chromatography and the ionization process in mass spectrometry. It was estimated that less than 0.01% of unreacted MTNG was introduced to the analytical column ([Figure 4](#molecules-23-00605-f004){ref-type="fig"}B).

Sawa et al. \[[@B30-molecules-23-00605]\] measured 8-nitroG in urine using HPLC-ECD following immunoaffinity purification. They suggested that 8-nitroG in urine may be a potential biomarker of nitrative damage, although its level in urine could be as low as \~0.01 nM with a low detection rate. Interestingly, several recent studies from the same group have measured significantly high levels of 8-nitroG in the urine of healthy subjects (\~4--3700 nM, \[[@B26-molecules-23-00605],[@B31-molecules-23-00605],[@B32-molecules-23-00605]\]) as measured by LC-MS/MS. We presumed that these conflicting results in the literature could be attributed to the interference present in the urine samples as detected by a low-resolution mass spectrometer. To test our assumption, a serial measurement was conducted in 10 urine samples of healthy subjects; these samples were simultaneously measured by three different methods, including LC-MS/MS without derivatization, the present LC-MS/MS method with derivatization and UPLC-high-resolution MS (HRMS) (LTQ-Orbitrap Elite MS, Thermo Fisher Scientific). The UPLC gradient, column material and HRMS parameters applied is provided in [Supplementary Material Table S1](#app1-molecules-23-00605){ref-type="app"}. A typical comparison of chromatograms of 8-nitroG in urine as measured by the three methods is given ([Supplementary Material, Figure S7](#app1-molecules-23-00605){ref-type="app"}). A significant signal in a urine sample is noted to have the same transition *m*/*z* 195→178 as 8-nitroG and co-eluted with its internal standard ([Supplementary Material, Figure S7A](#app1-molecules-23-00605){ref-type="app"}) as measured by LC-MS/MS without derivatization. However, when the same urine sample was measured by the present LC-MS/MS method with derivatization or UPLC-HRMS, no 8-nitroG was detected ([Supplementary Material, Figure S7B,C](#app1-molecules-23-00605){ref-type="app"}). These findings proved that the urinary 8-nitroG signal detected by LC-MS/MS without derivatization ([Supplementary Material, Figure S7A](#app1-molecules-23-00605){ref-type="app"}) was an interferent. In fact, the urinary 8-nitroG levels could be less than 0.01 nM in healthy subjects (\<LOD of [Supplementary Material, Figure S7B](#app1-molecules-23-00605){ref-type="app"} in urine). Meanwhile, it is worth noting that no 8-nitroG detected in urine by the present LC-MS/MS method with MTNG derivatization ([Supplementary Material, Figure S7B](#app1-molecules-23-00605){ref-type="app"}) highlights the use of MTNG derivatization in 8-nitroG analysis for increasing the method specificity.

In conclusion, this study describes a sensitive and reliable LC-MS/MS method to quantitatively analyze 8-nitroG in DNA hydrolysates. With the combination of online SPE and MTNG derivatization, matrix interferences are significantly reduced, and the sensitivity of the present method has been highly increased. The present method was compared to a previous direct LC-MS/MS method without chemical derivatization. The comparison showed an excellent fit (R² = 0.9893, *p* \< 0.001) and consistency (slope = 1.01), suggesting that the present method has satisfactory effectiveness and reliability for 8-nitroG analysis. More importantly, an excellent consistency proved that no artifact was produced during our derivatization that frequently encountered in the chemical derivatization of modified DNA bases \[[@B33-molecules-23-00605]\]. Since 8-nitroG presents at trace levels in cells, our method could be useful in both laboratory and clinical research to understand the correlation between inflammation-related DNA damage and carcinogenesis. Subsequently, there is a limitation in the present work, which is the lack of other parameters optimization for MTNG derivatization, including the reaction buffers, reaction time, temperature, pH, etc.

4. Materials and Methods {#sec4-molecules-23-00605}
========================

4.1. Chemicals {#sec4dot1-molecules-23-00605}
--------------

8-NitroG (\>98% purity) and \[^13^C~2~,^15^N\]-8-nitroguanine (\[^13^C~2~,^15^N\]-8-nitroG, \>50% purity) were purchased from Toronto Research Chemicals (North York, Ontario, Canada). The purity and concentration of \[^13^C~2~,^15^N\]-8-nitroG was quantified by HPLC-UV using unlabeled 8-nitroG standards and confirmed by LC-MS/MS analysis. 6-Methoxy-2-naphthyl glyoxal hydrate (MTNG), diethylenetriaminepentaacetic acid (DTPA), peroxynitrite (ONOO^−^), calf thymus DNA, acetonitrile (ACN), dimethyl sulfoxide (DMSO) and ammonium acetate (AA) were obtained from Sigma-Aldrich (St. Louis, MO, USA).

4.2. Stock and Working Solutions {#sec4dot2-molecules-23-00605}
--------------------------------

Standard stock solutions of 8-nitroG and \[^13^C~2~,^15^N\]-8-nitroG were individually prepared in 5% (*v*/*v*) methanol at a concentration of 0.1 mM and stored at −20 °C. A series of standard working solutions of 8-nitroG (3.2--204 nM) were prepared by serial dilution of the stock solution with deionized water. The internal standard solution of \[^13^C~2~,^15^N\]-8-nitroG at a concentration of 5 nM was made by diluting the stock solution with deionized water. The MTNG stock solution was initially prepared by dissolving it in DMSO to a final concentration of 50 mM, after which it was protected from light and stored at −20 °C; it was diluted to the desired concentration with DMSO before use.

4.3. Nitration of Calf Thymus DNA by Peroxynitrite {#sec4dot3-molecules-23-00605}
--------------------------------------------------

The peroxynitrite (ONOO^−^) solution was carefully thawed and kept on ice. An aliquot of the stock solution was diluted 40-fold with 0.3 N NaOH, and the absorbance at 302 nm was measured with 0.3 N NaOH as blank. The peroxynitrite concentration was calculated using a molar absorption coefficient of 1670 M^−1^ cm^−1^. Fifty microliters of the peroxynitrite prepared in 0.3 N NaOH at various concentrations was added to 150 μL of reaction mixture that contained 50 μL of 6 μg/mL calf thymus DNA, 50 μL of 1 M AA (pH 7.4) and 50 μL of 1 mM DTPA (a metal chelator) in 0.3 N HCl. The sample was mixed by vortexing for 1 min at room temperature with a final pH at \~7.4. As the half-life of peroxynitrite is only 1--2 s near neutral pH, the reaction completed rapidly. Control experiments were performed using decomposed ONOO^−^ in NaOH, obtained by leaving the peroxynitrite solution overnight at room temperature, after which ONOO^−^ was completely decomposed as determined spectrophotometrically \[[@B34-molecules-23-00605]\].

4.4. Hydrolysis and Derivatization of DNA Samples for 8-NitroG Analysis {#sec4dot4-molecules-23-00605}
-----------------------------------------------------------------------

Fifty-microliter DNA samples were spiked with 50 μL of 5 nM \[^13^C~2~,^15^N\]-8-nitroG and subjected to acid hydrolysis in 100 μL of 1 N HCl for 30 min at 80 °C, followed by neutralization with 100 μL of 1 N NaOH. 8-NitroG derivatization and reaction buffer used were described previously \[[@B24-molecules-23-00605],[@B27-molecules-23-00605],[@B35-molecules-23-00605]\] and was performed with some modifications. Reaction buffer was prepared by combining 10 mL of 20 mM sodium acetate buffer (pH 4.8), 1 mL of 3 M sodium acetate buffer (pH 5.1) and 1 mL of 1 M Tris-HCl buffer (pH 8.0), aliquoted and stored at −20 °C. The samples were derivatized by mixing a portion of DNA hydrolysate (150 μL) with 60 μL of 14 mM MTNG, 150 μL of reaction buffer and 15 μL of 1 N HCl for 90 min at 25 °C to yield 8-nitroG-MTNG. The derivatized sample was transferred to a vial for online SPE LC-MS/MS determination. The chemical structures of 8-nitroG-MTNG and its corresponding internal standard (\[^13^C~2~,^15^N\]-8-nitroG-MTNG) are shown in [Figure 5](#molecules-23-00605-f005){ref-type="fig"}. To establish a linear calibration curve, 8-nitroG standards (3.2, 6.4, 12.7, 25.5, 51, 102 and 204 nM) in 50 μL of 6 μg/mL blank (untreated) DNA were mixed with 50 μL of 5 nM \[^13^C~2~,^15^N\]-8-nitroG and then hydrolyzed and derivatized as described above. The levels of 8-nitroG in DNA were expressed as μmol/mol of guanine. The analysis of guanine was performed by an isotope-dilution LC-MS/MS method previously described by Chao et al. \[[@B36-molecules-23-00605]\].

4.5. Automated Online Extraction System and Liquid Chromatography {#sec4dot5-molecules-23-00605}
-----------------------------------------------------------------

Column switching was controlled by a multi-channel valve (6-port, 2-position valve, VICI Valco, Houston, TX, USA) according to the pattern shown in detail in a previous publication \[[@B37-molecules-23-00605]\]. An Agilent 1100 series HPLC system (Agilent Technologies, Wilmington, DE, USA) equipped with two binary pumps was used. The detailed column-switching operation sequence is summarized in [Table 2](#molecules-23-00605-t002){ref-type="table"}. For online purification, an SPE column (33 × 2.1 mm i.d., 5 μm, Inertsil, ODS-3) was employed, while a reversed-phase C18 column (75 × 2.1 mm i.d., 5 μm, Inertsil, ODS-3) was used as the analytical column. The injection volume for the prepared DNA samples was 20 μL. After injection, the SPE column was loaded and washed for 7.5 min with Eluent I at a flow rate of 200 μL/min. After valve switching, 8-nitroG-MTNG were eluted to the analytical column with Eluent II at a flow rate of 200 μL/min. The valve was switched back to the starting position at 9.5 min; the SPE column was then reconditioned for the next run.

4.6. ESI-MS/MS {#sec4dot6-molecules-23-00605}
--------------

Mass spectrometric analysis was performed on an API 4000 QTrap hybrid triple quadrupole linear ion trap mass spectrometer (Applied Biosystems, Framingham, MA, USA) equipped with a TurboIonSpray (TIS) source. The resolution was set to a peak width (FWHM) of 0.7 Th for both Q1 and Q3 quadrupoles. Instrument parameters were optimized by infusion experiments with standard derivatives (8-nitroG-MTNG and \[^13^C~2~,^15^N\]-8-nitroG-MTNG) in negative ionization mode. Prior to infusion, the standard derivatives were purified by a manual C18 SPE to remove the salts; the standard derivatives were loaded onto a Sep-Pak C18 cartridge (100 mg/1 mL, Waters, Milford, MA, USA) preconditioned with methanol and deionized water. The cartridge was then washed with 1 mL of 20% methanol and eluted with 1 mL of 60% methanol. The eluate was suitable for precursor and product ion scan. Detailed product ion spectra of 8-nitroG-MTNG and its corresponding internal standard (\[^13^C~2~,^15^N\]-8-nitroG-MTNG) are given in [Figure 6](#molecules-23-00605-f006){ref-type="fig"}.

The ion spray voltage was maintained at −4500 V. The TIS source temperature was set at 450 °C. Ion source gas 1 (GS1) was set at 70 (arbitrary unit), ion source gas 2 (GS2) at 70, curtain gas at 10, and collision-activated dissociation gas at medium. Detection was performed in multiple reaction monitoring (MRM) mode. The precursor and product ions, along with optimized parameters, are given in [Table 3](#molecules-23-00605-t003){ref-type="table"}. The most abundant fragment ion was used for quantification (quantifier ion), and the second most abundant ion was used for qualification (qualifier ion). Analyst 1.4.2 software (Applied Biosystems) was used for data acquisition and processing.

4.7. Optimization of MTNG Derivatization {#sec4dot7-molecules-23-00605}
----------------------------------------

The optimal amount of MTNG addition for derivatization was first investigated. The optimization test was performed by mixing 150 μL of DNA hydrolysate containing 1 μM 8-nitroG with 150 μL of reaction buffer, 15 μL 1 N HCl and 60 μL of various concentrations of MTNG (0.58--37.4 mM). The resulting mixture was then incubated at 25 °C for 90 min, followed by online SPE LC-MS/MS analysis.

4.8. Direct Measurement of 8-NitroG by Online SPE LC-MS/MS without Derivatization {#sec4dot8-molecules-23-00605}
---------------------------------------------------------------------------------

The 8-nitroG levels in peroxynitrite-treated DNA were measured in parallel by a recently reported online SPE LC-MS/MS method without derivatization \[[@B22-molecules-23-00605]\]. Briefly, the treated DNA samples (50 μL) were spiked with 50 μL of 10 ng/mL \[^13^C~2~,^15^N\]-8-nitroG, subjected to acid hydrolysis by adding 100 μL of 1 N HCl for 30 min at 80 °C, neutralized with 100 μL of 1 N NaOH and directly analyzed by online SPE LC-MS/MS. The samples were analyzed in the negative ion MRM mode. The 8-nitroG was monitored at *m*/*z* 195→178 (quantifier ion) and 195→153 (qualifier ion), and \[^13^C~2~,^15^N\]-8-nitroG was monitored at *m*/*z* 198→181.
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Chromatograms of 8-nitroG-MTNG in a hydrolysate of calf thymus DNA that had been treated with 10 μM peroxynitrite, as measured by LC-MS/MS coupled with online SPE. 8-NitroG-MTNG was monitored at *m*/*z* 391→363 (**A**) and *m*/*z* 391→348 (**B**), and the internal standard \[^13^C~2~,^15^N\]-8-nitroG-MTNG was monitored at *m*/*z* 394→366 (**C**) and *m*/*z* 394→351 (**D**). cps, counts per second.
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![Effects of the concentration of added MTNG on the derivatization yield. The peak areas of 8-nitroG-MTNG obtained from the derivatization of a hydrolysate of calf thymus DNA containing 1 μM 8-nitroG. Points denote the mean values of duplicates.](molecules-23-00605-g002){#molecules-23-00605-f002}

![Correlation between quantitative results obtained through online SPE LC-MS/MS analyses with (this work) and without glyoxal derivatization \[[@B22-molecules-23-00605]\]. The DNA samples containing various levels of 8-nitroG were prepared by treating calf thymus DNA with peroxynitrite at concentrations of 2.5--300 μM.](molecules-23-00605-g003){#molecules-23-00605-f003}

![Total ion chromatogram of a derivatized DNA sample during trap column separation (**A**) and analytical column separation after column switching (**B**). MTNG was monitored at *m*/*z* 215→144 in positive ionization mode with a retention time at 6.3 min and 8-nitroG-MTNG were clearly well separated on the SPE column (**A**), and only the fraction containing 8-nitroG-MTNG at the retention time from 7.5 to 9.5 min was eluted into the analytical column (**B**).](molecules-23-00605-g004){#molecules-23-00605-f004}

![Derivatization of unlabeled 8-nitroG and \[^13^C~2~,^15^N\]-8-nitroG with MTNG to form 8-nitroG-MTNG (**A**) and \[^13^C~2~,^15^N\]-8-nitroG-MTNG (**B**).](molecules-23-00605-g005){#molecules-23-00605-f005}

![Negative ion electrospray MS/MS spectra of \[M − H\]^−^ of 8-nitroG-MTNG (**A**) and \[^13^C~2~,^15^N\]-8-nitroG-MTNG (**B**).](molecules-23-00605-g006){#molecules-23-00605-f006}
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###### 

Precision of isotope-dilution LC-MS/MS method with MTNG derivatization for analysis of 8-nitroG in DNA.

  Characteristics for 8-nitroG ^a^                   Sample 1            Sample 2            Sample 3
  -------------------------------------------------- ------------------- ------------------- -------------------
  Intraday variation (pmol, mean ± SD) ^b^ (CV, %)   0.67 ± 0.02 (2.4)   0.90 ± 0.02 (2.7)   1.42 ± 0.01 (1.0)
  Interday variation (pmol, mean ± SD) ^b^ (CV, %)   0.64 ± 0.02 (2.5)   0.90 ± 0.01 (2.0)   1.37 ± 0.03 (2.0)

^a^ 50 μL aliquots of 6 μg/mL calf thymus DNA were individually treated with peroxynitrite at three different concentrations (50 μM for sample 1, 100 μM for sample 2 and 200 μM for sample 3); ^b^ Each DNA solution was analyzed 6 times for the intraday and interday tests; the interday test was performed over a period of 10 days.
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###### 

Timetable for the column-switching procedure.

  Time (min)   Eluent I (SPE Column)   Eluent II (Analytical Column)   Valve Position   Flow Rate (μL/min)   Remarks         
  ------------ ----------------------- ------------------------------- ---------------- -------------------- --------- ----- ------------------------------------------------------------
  0.0          70                      30                              50               50                   A         200   Sample injection and washing
  7.5          70                      30                              50               50                   B         200   Start of elution of 8-nitroG-MTNG to the analytical column
  9.5          70                      30                              50               50                   A         200   End of elution; SPE column cleanup and reconditioning
  10.0         70                      30                              50               50                   A         200   
  10.1         0                       100                             50               50                   A         200   
  10.5         0                       100                             0                100                  A         200   
  11.5         0                       100                             0                100                  A         200   
  12.0         70                      30                              50               50                   A         200   
  15.0         70                      30                              50               50                   A         200   

^a^ 5% (*v*/*v*) ACN containing 1 mM AA; ^b^ 80% (*v*/*v*) ACN containing 1 mM AA.
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###### 

Tandem mass spectrometry parameters for 8-nitroG-MTNG and \[^13^C~2~,^15^N\]-8-nitroG-MTNG.

  Compound                           Q1 Mass (amu)   Q3 Mass (amu)   Dwell Time (ms)   DP ^a^ (V)   EP ^b^ (V)   CXP ^c^ (V)   CE ^d^ (V)
  ---------------------------------- --------------- --------------- ----------------- ------------ ------------ ------------- ------------
  8-nitroG-MTNG                      391             363 ^e^         100               −50          −11          −11           −30
                                     391             348             100               −50          −11          −11           −40
  \[^13^C~2~,^15^N\]-8-nitroG-MTNG   394             366 ^e^         100               −50          −11          −11           −30
                                     394             351             100               −50          −11          −11           −45

^a^ Declustering potential; ^b^ Entrance potential; ^c^ Collision cell exit potential; ^d^ Collision energy; ^e^ Quantifier transition.

[^1]: These authors contributed equally to this work.
